Herein, a green process for preparing nano-HMX, mechanical demulsification shearing (MDS) technology, was developed. Nano-HMX was successfully fabricated via MDS technology without using any chemical reagents, and the fabrication mechanism was proposed. Based on the "fractal theory," the optimal shearing time for mechanical emulsification was deduced by calculating the fractal dimension of the particle size distribution. The as-prepared nano-HMX was characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and differential scanning calorimetry (DSC). And the impact sensitivities of HMX particles were contrastively investigated. The raw HMX had a lower fractal dimension of 1.9273. The ideal shearing time was 7 h. The resultant nano-HMX possessed a particle size distribution ranging from 203.3 nm to 509.1 nm as compared to raw HMX. Nano-HMX particles were dense spherical, maintaining β-HMX crystal form. In addition, they had much lower impact sensitivity. However, the apparent activation energy as well as thermal decomposition temperature of nano-HMX particles was decreased, attributing to the reduced probability for hotspot generation. Especially when the shearing time was 7 h, the activation energy was markedly decreased.
Introduction
HMX has been widely used as the main component of highenergy explosives. It exhibits high energy density, good heat resistance, stable detonation, and high detonation speed. However, high mechanical sensitivity and poor shock wave sensitivity limit its application to a large extent [1] . With the rapid development of modern warfare and the deteriorating battlefield environment, the safety performance for weapons and ammunition becomes ever more critical. Ammunition need not only meet the requirements of long range, high precision, and strong power but also require insensitivity. Therefore, insensitivity has become an important indicator to measure the performance of explosives [2, 3] . One of the ways to achieve this goal is the ultrafining technology of explosives. Through refinement, the surface of the explosives becomes smooth, the particle size gets smaller, and the particle morphology tends to be spherical. In this case, the probability of hotspot generation and propagation is reduced, thus achieving desensitization [4] .
In recent years, more and more researchers are devoted to the refinement of single explosives, mainly consisting of the nuclear growth method and the ultrafine grinding method to realize the ultrafining treatment. However, these two methods have their own obvious shortcomings. The nuclear growth method is to formulate ultrafine particles of a specified size by controlling conditions for crystal nucleation growth. During the preparation process, high temperatures may be required, which may cause explosive explosion and deflagration. In addition, the explosives refined by this method may undergo crystal transformation, thus affecting the sensitivity. Song et al. [5] used solvent-nonsolvent method to prepare ultrafine HMX. The raw material possessed β-HMX, but the refined particles contained γ-HMX, which could reduce the purity of the product. van der Heijden and Bouma [6] spheroidized HMX and RDX through simple mixing and stirring in a special solvent. However, the spheronization effect was not obvious, and the quality of the obtained crystal was poor. An et al. [7] prepared HMX with a particle size distribution of 40~130 nm by green recrystallization process. The resultant HMX was polyhedron and spherical. However, there was a certain degree of crystal transformation during the recrystallization process, and a large amount of organic solvents were used in the experiment, so this method was not truly "green." Shang and Zhang [8] used different solvents to prepare HMX with different particle sizes by supercritical antisolvent method (GAS) recrystallization method. However, this method had a low yield, and the subsequent processing was troublesome. The ultrafine grinding method is to pulverize large-sized particles by a certain means to reduce the particle size. In the field of energetic materials, there are many reports on the preparation of ultrafine explosive particles via mechanical ball milling. However, there exist certain disadvantages in such process. With the increase of milling time, high temperature and high pressure appear in the barrel of the ball mill. In this way, on the one hand, the safety performance will be reduced; on the other hand, some physicochemical reactions (such as crystal transformation) may occur when the crystal grains are activated [9] . Liu et al [10] prepared nano-RDX by mechanical ball milling, which reduced the impact sensitivity by 30% and the friction sensitivity by 92.8%, but this method was easy to introduce impurities. Wang et al. [11] prepared HMX by wet milling, solvent-antisolvent, and wet sieve method. For particles obtained by solvent-antisolvent method, the particle size distribution was narrow and the surface was relatively smooth. However, the experiment has poor repeatability and serious environmental pollution.
In this work, based on the shortcomings of the above refinement process, we proposed an improved green approach to refine HMX, i.e., mechanical demulsification shearing (MDS) technology. This technology addressed the unfavorable factors of the existing refinement. First of all, this method effectively solved the problem of the crystal transformation of explosives, because the entire experiment was a physical process and no new substances and impurities were generated. Secondly, the whole process was highly repeatable, and no organic solvents were used throughout the experiment, thus achieving the goal of environmental protection. Finally, to achieve nanometerization, the explosives were refined by relying on mechanical shearing of explosive particles and collisions between particles in a narrow space. Therefore, this technology greatly improved the safety performance during the mechanical ball milling and avoided the introduction of impurities. (2) Preparation of HMX emulsion. Diluted HMX (10 g) and purified water (500 ml) were added to the beaker, respectively; then, a certain amount of selfmade composite emulsifier was added to the beaker, too. The stirring speed was set as 500 rad/min, and the mixed solution was uniformly stirred for 40 min at 30°C. Here, a homogenous HMX emulsion was obtained.
(3) Preparation of nano-HMX by MDS. The beaker containing the HMX emulsion was placed under the emulsifying machine. Then slowly increase the speed to 7500 rad/min and continue stirring (the reaction process was carried out in a low temperature circulating condensate pump, and the shear temperature was maintained at 40°C throughout the experiment).
After stirring, the solution was let to stand, followed by filtration and natural drying for 12 hours, affording high-quality nano-HMX particles.
As shown in Figure 1 , due to strong fluid shear and severe high-frequency mechanical effects, the HMX emulsion was sucked into the rotor from the bottom of the beaker for strong mixing. Then, it threw from stator gap and hit each other under the action of centrifugal force. Driven by high-speed rotating stator, HMX particles collided with each other in a small space (in the long-hole rotor). And plus the constant shear of the fluid, the nano-HMX was finally obtained. In order to explore the optimal shearing time by MDS, under the same experimental conditions, we cut the as-prepared nano-HMX at different time points of 4 h, 5 h, 6 h, 7 h, and 8 h and labeled them as nano-HMX-1, nano-HMX-2, nano-HMX-3, nano-HMX-4, and nano-HMX-5, respectively.
Characterization.
Field-emission scanning electron microscopy (FESEM) images were taken on a MIRA3 LMH SEM (TESCAN) at 10 k. X-ray diffraction (XRD) patterns were obtained using a DX-2700 (Dandong Haoyuan Corporation, Liaoning, China) X-ray diffractometer with Cu-Kα (40 kV, 30 mA) radiation at λ = 1 5418 Å. All samples were scanned from 5°to 50°with steps 0.03 and 6 s counting time. Thermal analysis was performed on a differential scanning calorimeter (DSC-131, France SETARAM Corporation, Shanghai, China) at heating rates of 5, 10, 15, and 20°C/ min. The impact sensitivity was tested with a homebuilt type 12 drop hammer apparatus. The special height (H50) represents the height from which 2.500 ± 0.002 kg drop hammer will result in an explosive event in 50% of the trials. In each determination, 25 drop tests were made to calculate the H50. The particle size tested by QICPIC dynamic particle 2
Journal of Nanomaterials analyzer (Sympatec Co., Ltd., Germany), and its working environment is 5~35°C, relative humidity is less than 85%, light source type is He-Ne laser, power is 2.0 mW, and wavelength is 0.6328 μm.
Results and Discussion

SEM Images of HMX Samples.
Field-emission scanning election microscope (FESEM; HITACHI S4700) was used to display typical SEM images of HMX samples in Figure 2 . As observed in Figure 2 , raw HMX is irregular in shape and has a wide and uneven particle size distribution, and there exist cracks. However, nano-HMX prepared via MDS performs better qualities. With the increase of the emulsification shearing time, the particle size gradually becomes smaller, the surface becomes smoother, the particle distribution is more uniform, and the morphology gets close to spherical in shape. Therefore, from the apparent analysis, it contributes to reducing the sensitivity. In particular, nano-HMX as prepared at the emulsification shearing time of 7 h has the best morphology and particle size distribution. When the shearing time is less than 7 h (as shown in Figures 2(b)-2(d) ), the distribution of HMX particles is noticeably uneven, and there are particles with large morphology. While the shearing time is greater than 7 h (Figure 2(f) ), the particles are severely agglomerated. This can be explained by the granularity fractal theory [12] of nano-HMX particles. The analysis of the particle size distribution of raw HMX and nano-HMX as prepared by MDS shows that the refined nano-HMX particle size distribution is unimodal (Figure 3) , which is in good accordance with the granularity fractality of powder particles [13] . In other words, the particle size distribution of HMX has the fractal feature, which satisfies formula (1):
where d is the particle diameter, Yω d is the ratio of the total mass of particles less than d to the total mass of all particles in the particle system, and D is the fractal dimension.
According to formula (1), if there is a linear correlation between ln Yω d and ln d, it means that the particle size distribution of the powder has fractal characteristics. If the straight line slope k is obtained, the fractal dimension of the particle size distribution can be calculated as
And the fractal analysis of the particle size distribution of nano-HMX particles is further performed, listed in Table 1 .
As Table 1 represents, as the shearing time increases, the particle size of nano-HMX gradually decreases. The correlation coefficient of the straight line of the double logarithmic coordinate system is as high as 0.9898-0.9976, which indicates that the particle size distribution of the raw HMX and the refined HMX has fractal phenomenon. And the particle size distribution of raw HMX has a lower fractal dimension of only 1.9273, which is easily broken. When the shearing time is 4~7 h, the particle size distribution dimension of nano-HMX gradually increases. While when the shearing time is 6~7 h, the fractal dimension decreases slightly, attributing to severe agglomeration between ultrafine particles. And the density of agglomerated particles is slightly lower than that of other particles, thus affecting the proportional relationship in formula (1). From the above discussion, we can see that when the shearing time is 7 h, the resultant nano-HMX has a narrow particle size distribution and smooth surface, and the particle agglomeration is not obvious. Therefore, the shearing time of 7 h is the best time to fabricate nano-HMX via MDS method.
2.2.
Crystal Structure of HMX Samples. XRD analysis was carried out to investigate whether the phase transformation of HMX occurred. X-ray diffraction of HMX samples is displayed in Figure 4 :
As illustrated in Figure 4 , using the JADE software, nano-HMX (JCPDS no. 00-044-1620) has the same crystal structure as raw HMX at 2θ of 12.32°, 14.17°, 19.25°, 22.11°, and 32.27°. It reveals that the crystal structure of the refined HMX is consistent with that of the raw HMX, both maintaining β-form. The peak of the nano-HMX is much weaker and wider than that of the original HMX, which can be explained by the Scherrer formula (formula 2). The particle size of the particles is inversely proportional to the peak width of the diffraction peak. And it is precisely because the size of ultrafine HMX becomes smaller, resulting in widening of diffraction peaks [14, 15] . Also, this phenomenon indicates that the HMX crystals are nanosized.
where D hkl is the grain diameter perpendicular to the crystal plane (hkl), k is the Scherrer constant (usually 0.89), λ is the incident X-ray wavelength (wavelength is 1.5418 Å), θ is the Bragg diffraction angle (°), and β is the peak width of diffraction peak at half height (rad).
DSC Analysis of Different HMX Particles.
Thermal stability is widely considered as a key performance for [16] . In our paper, thermal properties of raw HMX and nano-HMX were analyzed by DSC, and their activation energy was calculated. And the changes of thermal properties before and after refinement were compared. Figure 5 shows that for different heating rates, the decomposition peak temperatures of raw HMX and nano-HMX increase with the enhancement of the heating rate. By Kissinger equation [17] [18] [19] [20] (3), from the four exothermic peaks at heating rates of 5 K/min, 10 K/min, 15 K/min, and 20 K/ min, their apparent activation energy and preexponential factor can be calculated, respectively.
where β i is the heating rate (K/min); T pi is the decomposition peak temperature of the explosive at different heating rates; A is the preexponential factor (min
); R is the gas constant, 8.314 J/(mol·K); and E a is the apparent activation energy.
As shown in Figure 6 , taking 1/T p as the abscissa and ln β/T p 2 as the ordinate, we performed linear fitting on the measurement results and found that the fitting coefficient R is as high as 0.99537~0.99911. Using E a and 4, when the heating rate of HMX approaches 0, the peak temperature T p0 can be obtained. Then, through the calculation formula (5), the critical temperature of thermal explosion T b can be calculated. And the results are listed in Table 2 .
It can be seen from Table 2 and Figure 7 that the E a and thermal decomposition peak temperatures of the nano-HMX particles are lower than those of the raw HMX, indicating that nano-HMX is more susceptible to decomposition than raw HMX under thermal stimuli. When the shearing time reaches 8 h, E a decreases from 485.28 to 427.84 kJ/ mol, and the thermal stability of HMX decreases significantly. Such change can be attributed to the fact that for the same quality HMX, the smaller the particle size is, the larger the surface area will be. At a certain heating rate, the external energy absorbed by the particles increases for a period of time, and the heated area and the reactivity increase. In addition, owing to the massive agglomeration of particles, its specific surface area and the number of atoms located on the surface increase [21, 22] . Therefore, E a and the thermal decomposition temperature have decreased as compared to the raw HMX.
2.4. The Impact Sensitivity Analysis. Impact sensitivity is also a key parameter to evaluate the safety performance of energetic materials. The impact sensitivities of the HMX samples were separately tested according to GJB 722 A-1997 method 610. 302 tool. The impact sensitivity test results are shown in Figure 8 .
As illustrated in Figure 8 , compared with the raw material, the H50 of nano-HMX particles gradually increases with the increase of the shearing time. This can be explained by the hotspot theory [23] [24] [25] . On the one hand, as the shearing time increases, the appearance of the HMX particles gradually becomes smoother, and the internal defects gradually decrease, so that the heat transfer rate between the particles increases. When subjected to external forces, it is difficult to form hotspots. On the other hand, for HMX of the same quality, the smaller the particle size is, the more effective the spheroidization will be. As a result, the specific surface area and the gap between the particles increase, resulting the decreased pressure from which the HMX will suffer for the same height falling ball. Therefore, the characteristic height H50 of nano-HMX increases visibly, thus improving the safety performance.
Conclusion
The superiority of nano-HMX fabricated by mechanical demulsification shearing (MDS) technology was demonstrated, namely, green preparation, spherical shape, and high-quality properties. More importantly, this method solves the defects of the conventional technology when refining HMX, such as crystal transformation, impurity generation, troublesome follow-up processing, complicated process, and serious pollution. In the paper, nano-HMX was prepared in this way. Based on the experimental analysis, the mechanical emulsification shearing (MDS) technology was proposed through the "fractal theory." The best shearing time for preparing nano-HMX was 7 h. Under this condition, the as-prepared particles tended to possess a spherical morphology and uniform particle size distribution. And no crystal transformation occurred. Compared with the raw HMX, the resultant HMX particles will have better safety performance. However, the apparent activation energy and the thermal decomposition temperature of nano-HMX particles can be decreased, Journal of Nanomaterials attributing to the reduced hotspot generation probability of the refined particles.
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